Population substructure and biological differentiation was studied among the Golla, a pastoral caste living in the southern areas of Andhra Pradesh (AP) in India, using 11 anthropometric measurements and 20 quantitative dermatoglyphic variables. The data were collected from a sample of 334 adult males drawn from 30 villages distributed in the Chittoor district of AP, who belonged to 8 endogamous subunits of the same caste. Multiple discriminant analysis of the anthropometrics suggests a highly significant degree of discrimination that is consistent with the microgeographic variations of the groups. In contrast, in different sets of dermatoglyphs discrimination is low and generally inconsistent with both the geographic and ethnohistorical affiliations of the groups. These findings are reflected in the F ST value for anthropometry, which is more than double the value of dermatoglyphs. The patterns of gene flow as inferred through the regression of phenotypic variance on the distance of groups from the centroid is not generally consistent with the known backgrounds in the case of either dermatoglyphs or anthropometry. It is concluded that at the level of caste substructure representing the lowest level of population hierarchy, the quantitative variables examined here may not portray a complete picture of the historical process of subdivision. The results of this study are not in congruence with those based on another study of 13 short tandem repeat loci on the same set of populations (Reddy et al. 2001) , which may provide better insights into the population structure and history of subdivision that are consistent with the known ethnohistorical backgrounds of the populations.
India offers immense scope and a variety of situations to study the processes of population subdivision and their microevolutionary significance. India's population structure is remarkable in that the population is divided into a large number of strictly defined endogamous castes, tribes, and religious groups. However, most unique and fundamental to the Indian population structure is the existence of endogamous subcastes within these castes, in any particular region or linguistic area. These subgroups are usually characterized by a high degree of isolation, small effective population size, and a high degree of inbreeding. These conditions are conducive for the process of rapid genetic microdifferentiation. There are indications that, in most cases, these subcastes might have evolved from the common parental stock through different fissioning events (Basu 1969; Malhotra 1978a Malhotra , 1978b Malhotra , 1979 Reddy 1982; Reddy and Gadgil 1999) . However, given that the caste system in India is only two to three thousand years old, the evolutionary history of these populations may be considered relatively short.
The traditional structure of Indian populations is currently facing disintegration as a result of urbanization and increasing communication, and there is a growing trend of acceptance of marriages between subcastes. Therefore, there is a pressing need to understand this traditional population structure and study its role in shaping human biological diversity in India. In the past, many attempts have been made to understand the process of microdifferentiation among subdivided populations using traditional genetic markers (blood groups, red cell enzymes, and serum proteins) and other biological variables (Karve and Malhotra 1968; Basu 1969; Malhotra 1978a Malhotra , 1978b Malhotra et al. 1978; Reddy and Chopra 1999; Reddy et al. 1987 Reddy et al. , 1989 Reddy et al. , 1995 Reddy et al. , 2000 Murty et al. 1993; Sirajuddin et al. 1994; Ramana et al. 1996) . However, with the realization that molecular genetic markers help answer questions pertaining to microevolution more precisely, and particularly after the development of rapid screening techniques using polymerase chain reaction (PCR), the focus has turned towards using these markers for resolving questions of both short-and long-term evolution of human populations.
Despite the phenotypic variability in the expression of genes influencing the anthropometric and dermatoglyphic variables, such traits are polygenetically determined, involving more than just a few genes, and represent the genome to a certain degree. Furthermore, generation of these variables involves little cost in comparison to the generation of molecular genetic markers. However, the genetic basis of most quantitative traits is not precisely known, and their resolving power with regard to population structure is expected to be lower compared to hypervariable DNA markers, such as short tandem repeat (STR) loci. To the best of our knowledge, however, this has not been empirically tested in the context of microevolutionary studies. Therefore, it is necessary to assess the relative usefulness and/or congruence of quantitative traits vis-à-vis DNA markers in portraying patterns of population structure expected from ethnohistorical information. With this objective in mind, we made an attempt to generate molecular marker data as well as traditional quantitative biological data-anthropometry and dermatoglyphics-on the same set of subjects from eight endogamous subgroups of the Golla caste population of southern Andhra Pradesh in India. A paper based on the 13 STR loci among seven of these eight subgroups appears elsewhere in this issue (Reddy et al. 2001) . In the paper presented below, we report the findings on patterns of quantitative variation based on anthropometry and dermatoglyphic vari-ables among the Golla subpopulations and attempt to study the degree of correspondence with the patterns based on the STR loci.
Materials and Methods

Population.
The Gollas are the great pastoral caste of the Telugu people of Andhra Pradesh. Their traditional occupation has been tending sheep and cattle and selling milk, although many of them have now acquired lands and practice agriculture as well. The Gollas are distributed throughout Andhra Pradesh. People belonging to this tradition and occupation are also found in other parts of India in different linguistic and geographical areas. They are known by different names and probably have different origins.
Extensive interviews with the elders of this community suggest that there are 12 endogamous subcastes within Gollas, although Thurston (1909) noted only 9 such groups. This may be because the distributions of some of these subcastes are highly localized and may have escaped the attention of the ethnographer. However, we have encountered only 7 such groups in our exploratory survey in a large area, and none of the elders of this community could give a complete list of all 12 subcastes. Nonetheless, these people still retain their traditional patterns intact and maintain a high degree of endogamy within the subcastes. The exchange of mates between the Golla subcastes has just started, restricted only to the youngest generation, and is still found to be below 1%, as revealed by preliminary investigations conducted during the collection of anthropometric measurements. As is the case in other traditional populations of southern India, Gollas prefer consanguineous marriages (Table 1 ) and village endogamy, with marriage contacts usually restricted to a small radius. Therefore, we confined our study to a 
Data and Sample.
Anthropometric measurements and dermal prints were collected between May and July 1997. The anthropometrics and the finger and palm prints were collected from the same set of 334 adult males, sampled from 30 villages distributed in nine taluks of the Chittoor district in southern Andhra Pradesh ( Figure 1 ). These subjects belonged to the seven subcastes. The names of the subcastes, number of villages from which samples were collected for each subcaste, and the group-wise sample sizes are furnished in Table 1 , along with the average inbreeding coefficient estimated for each population based on the consanguinity Map showing the location of the study area in Andhra Pradesh and the 30 villages from which the blood samples were collected. The village numbers and the abbreviated population names are given in the map. Explanations of the population abbreviations can be found in Table 1. of the parents of the subjects. One of the subcastes, Karnam, was found to be reproductively isolated and geographically separated, being distributed in western and eastern parts of the district, and was treated as two separate groups. Efforts were made to represent one subject from each surname, and to exclude close relatives from the sample.
The following 11 anthropometrics were taken on each of the 334 subjects: height (HT), sitting height (SHT), head length (HL), head breadth (HB), minimum frontal breadth (MFB), bizygomatic breadth (BZB), bigonial breadth (BGB), upper facial height (UFH), nasal height (NH), nasal breadth (NB), and head circumference (HC). The finger and palm prints collected on the same set of subjects, using the ink and roller method (Cummins and Midlo 1961) , were scored for a number of finger and palmar quantitative and qualitative variables. However, only quantitative variables, 10 larger finger ridge counts, and the 10 palmar variables-namely, a-b, b-c, and c-d interdigital ridge counts, atd angle, and number of triradii on palm-on each hand were included in the present study.
Both univariate analysis of variance (ANOVA) and multiple discriminant analysis were employed in order to study patterns of anthropometric and dermatoglyphic variation. The relative extent of differentiation in the substructured Gollas, and the patterns of the gene flow into, and isolation of, different subpopulations were examined using R-matrix analysis of quantitative variables (Relethford and Blangero 1990) implemented in the RMET program by Relethford. The degree of correspondence between the geographic, genetic, and different biological distance matrices was tested through Mantel correlation coefficients computed using the MANTEL program by Relethford.
Results
Univariate Analysis.
The results from univariate ANOVA are presented in Table 2 for the anthropometrics and the three sets of quantitative dermatoglyphic variables. The F-values suggest that, except for HT, SHT, BZB, and BGB, the anthropometric variables reveal highly significant heterogeneity (p < 0.05) among the subpopulations. Four of the 10 finger ridge counts, and 6 of the 10 palmar variables also showed significant heterogeneity among Golla subpopulations.
Multivariate Analysis. Results of the multiple discriminant analysis of the different sets of data are presented in Tables 3 and 4 . Wilks λ and associated Fvalues (Table 3) suggest highly significant discrimination among the subpopulations based on anthropometric traits ( p < 0.001). However, the discrimination based on dermatoglyphic variables is lower ( p < 0.01), particularly when only finger ridge counts were used ( p > 0.05). The palmar dermatoglyphic variables are much more discriminatory when compared to finger ridge counts. The eigenvalues and the percentage of variance explained (Table 4) by the three variates are highest for anthropometry, followed by those for the palmar variables. Stepwise discriminant analysis suggests that while 6 of the 11 anthropometric measurements (HC, MFB, BGB, HB, NB, and NH) contribute significantly to the discrimination, only 6 of the 20 dermatoglyphic variables (LC4 and RC2 among finger and c-dL, ∠atdL, b-cR and ∠atdR among the palmar variables) are important contributors to the population discrimination. This inference on the relative power of discrimination of different sets of variables is supported by the magnitude of F ST values obtained through the R-matrix analysis (Table 5 ). The F ST value, which reflects the magnitude of the relative extent of intergroup differentiation, is largest in the case of the anthropometric variables (genetic F ST = 0.0632) and is at least double that observed for the dermatoglyphic variables, be it finger (0.0148), palmar (0.0370), or all the dermatoglyphic variables (0.0273). Further, the intergroup differentiation in case of palmar variables is more than twice the value of the finger ridge counts.
The plots of group centroids on the two canonical variates suggest a clear clustering of groups consistent with microgeographical affiliations in the case of the anthropometric traits (Figure 2 ). For example, Puja, Punugu, Doddi, and Karnam (West), who are distributed in the western parts of the district, form a close cluster, clearly separated from the eastern groups, namely, the Erra, Pokanati, and Karnam (East). Even the reproductive isolates of the same subcaste, Karnam, are clearly separated from each other, aligning with the geographically closer groups. The Kurava, whose position among the Golla is disputed, also lie, although not very distinctly, as an outlier. However, the group's geographical proximity to the western groups, particularly the Karnam (West), Punugu, and Puja, is reflected in the way it is placed in the multivariate space. While the separation between the eastern and western groups is basically on the second canonical variate, the western groups are dispersed on the first canonical variate. The plots of group centroids in the case of different sets of dermatoglyphic variables (Figure 3 ) portray a relatively less pronounced dispersion of groups in the multivariate space. Consistent with this is that the percentage of correct classification of the individuals into their respective groups, based on the discriminant functions, is generally low (Table 6) , particularly for the dermatoglyphic variables. Even in the case of anthropometry, only about 36%, on average, are correctly assigned to their respective groups, while the jackknifing procedure further reduces this figure to only about 27%. The lack of differentiation is also apparent in the case of finger ridge counts, since the populations mostly lie around the centroid. That there is relatively greater congruence of anthropometric pattern with the geographic affiliation of the groups is illustrated by Mantel correlation (Table 7) for matrix correspondence. There is virtually no correspondence between the distance matrices of anthropometry on the one hand and of the different sets of dermatoglyphics on the other. Correlation between geographic distance matrix and different sets of dermatoglyphs is also weak and nonsignificant ( p > 0.15). Plots of group centroids of the Golla subpopulations based on the discriminant analysis of the different sets of quantitative dermatoglyphic variables. 
R-Matrix Analysis and the Patterns of Gene Flow.
According to the model of Harpending and Ward (1982) , which was extended to quantitative variables by Relethford and Blangero (1990) , the average heterozygosity of the i th population (H i ) should be equal to the overall mean heterozygosity of the entire population, H t (in this case all Golla populations) multiplied by (1 -r ii ), where r ii is the genetic distance of a particular population from the centroid. If the gene flow from outside the cluster varies from population to population, this linear relationship no longer holds. Isolated populations will be less heterozygous than the linear prediction, whereas populations receiving more gene flow from outside the cluster will be more heterozygous. Thus, the theory indicates that we might gain some insights by examining the outliers.
According to ethnographic information (e.g., Thurston 1909) and from what we could gather from the elders of the Golla community, it is expected that Erra and Karnam present themselves above the regression line. This is because the Erra Plots of mean phenotypic variance versus the anthropometric distance from the centroid (r ii ) of the Golla populations, and the theoretical regression line.
Golla are said to be a result of exogamous unions between Golla women and Brahmin men, and the Karnam were supposed to have admixed with an agricultural caste called Reddy, which has certain occupational similarities. The alien Kurava, whose position among the Golla is disputed, and who are considered a separate group outside the Golla, are expected to show relatively large centroid distance. The regression plots of heterozygosity versus the centroid distance of the groups are given in Figure 4 for anthropometry, and in Figure 5 for different sets of dermatoglyphics. In general, the above expectations are not met given the way the populations are placed on the regression plots, except that the Erra are placed above the regression line in the case of finger ridge counts. The most consistent observation from these plots is the position of the alien Kurava as an outlier below the theoretical line, somewhat removed from the centroid. The position of Karnam (East), which is a small, highly inbred and isolated population, far removed from the centroid, may suggest relatively greater effect of the random genetic drift on this isolate. However, its position marginally above the expected regression line, given that the Karnam (West), placed below the line in close proximity to the centroid, is difficult to explain since no exogamous marriages were reported among them. Although Doddi lies above the expected regression line as a distinct outlier in the case of anthropometry, it is neither consistent with the expectations of gene flow nor is it similarly placed in the case of dermatoglyphic variables.
Discussion
The anthropometric variables suggest highly significant differentiation of the Golla subgroups as indicated by multiple discriminant analysis. The F ST value Figure 5 .
Plots of mean phenotypic variance versus the dermatoglyphic distance from the centroid (r ii ) of the Golla populations, and the theoretical regression line, for different sets of dermatoglyphic variables.
(0.063 ± 0.0072) derived through R-matrix analysis is much larger than those observed for traditional genetic markers, as well as for microsatellite DNA markers among Indian populations with much higher levels of hierarchy. However, the proximity of the groups in the multivariate space is generally based on the microgeographic affiliations. By and large, while the groups inhabiting the western parts of the district are placed closely together, those from the eastern parts are relatively closer to each other (Figure 2 ). Given that the socioeconomic variation among the Golla subgroups is very limited, and that all of them are distributed in a culturally homogeneous and geographically delimited area, this observed pattern of population affinities cannot be considered as predominantly mediated by geographic or environmental factors, per se, but could be due to genetic similarity implicit in the history of formation of these groups.
The differentiation based on quantitative dermatoglyphics, particularly that based on the finger ridge counts, is relatively much smaller (Figure 3) , and the population configurations are consistent with neither the geographic pattern nor with the known ethnohistorical affiliation of the groups. Although the discrimination based on palmar variables, and the discrimination when both finger and palmar variables were combined, was relatively greater compared to finger ridge counts alone, the patterns of population affinities still are not consistent with expectations based on either geographic or ethnohistorical grounds. Furthermore, the matrix correspondence between the anthropometric and dermatoglyphic distances is close to zero, as suggested by the Mantel correlations (Table 7) . None of these distance matrices shows any correspondence with the distance matrix based on the STR loci.
Discordance in the pattern of population relationships based on dermatoglyphics and other biological variables, particularly serological and anthropometric, appears to be a rule rather than an exception (see Plato 1970; Chai 1972; Neel et al. 1974; Crawford et al. 1976; Jantz and Chopra 1983; Reddy et al. 1987; Reddy et al. 2000) . Dermatoglyphic variables are considered to undergo slow rates of evolutionary change, hence are presumably less useful in depicting local level variations even at the level of different castes and tribes within a region (Rothhammer et al. 1977; Rudan 1978; Jantz and Hawkinson 1979; Giles 1981a, 1981b; Reddy and Reddy 1992) . Krishnan and Reddy (1994) found the results of multivariate graphical analysis of the finger ridge counts of about 200 Indian populations consistent with this observation, since the population constellations in that study were based on major geographic and and/or ethnic criteria, while the local level variations are submerged. The close resemblance between Jewish populations of different countries after 2000 years of separation (Sachs and Bat-Miriam 1957 ) is a classic example of the temporal stability of dermatoglyphs. Given these observations, it is not surprising that the dermatoglyphic variables did not provide insights into the population structure of the subdivided Golla, with their relatively short history of separation among the constituent populations.
In the past, many processes were documented to be responsible for population subdivision within the Indian castes. Among those, geographic isolation, economic polarity, and exogamous marriages that occurred outside the traditional norms leading to excommunication of such couples from their respective castes are said to be most common. Some of these processes may be implicit in the patterns of population structure, and the R-matrix analysis, particularly the regression of mean heterozygosity/phenotypic variance on the distance of populations from the centroid (Harpending and Ward 1982; Relethford and Blangero 1990) , is supposed to offer useful insights in this regard. The above proponents of the model and many other later investigators (Devor et al. 1984; Relethford 1985; Jantz and Meadows 1995; Puppala and Crawford 1996; Reddy and Chopra 1999; Reddy et al. 2000) found encouraging results in their application of the model to several case studies involving local populations.
However, results of R-matrix analysis, particularly the regression plots of phenotypic variance versus the distance from the centroid, are not generally consistent with expected patterns of gene flow into these groups with reference to anthropometry and different sets of dermatoglyphs. Further, the position of populations in the regression plot is discordant among different sets of variables, particularly between anthropometry and different sets of dermatoglyphs.
In conclusion, the analyses of dermatoglyphics and anthropometrics did not provide clear insights into population structure and history of differentiation of the Golla groups at the level of caste substructure, although earlier studies suggest the usefulness of dermatoglyphics, in particular, at higher levels of population hierarchy. The usefulness of anthropometrics in portraying broad ethnohistorical relationships at the higher levels of hierarchy is suspect, given that those variables are mediated by environmental factors in their manifestation. Nevertheless, the question that needs to be addressed is whether molecular genetic markers in general, and the 13 STR loci in particular that we studied among seven of these eight groups, are able to provide better insights into population substructure, especially at this level of population hierarchy. The answer seems to be yes. We have in another paper (Reddy et al. 2001, in this issue) concluded that the STR loci provide useful insights into the population structure and genetic microdifferentiation among the Golla subpopulations with a short evolutionary history. Not only is the distinctness of the alien Kurava, whose position among the Gollas is disputed, clearly depicted by their earlier divergence from the rest of Golla groups, but so is the sequence of differentiation among the remaining populations, in congruence with their known ethnohistorical backgrounds. Moreover, the patterns of external gene flow inferred from the regression plot are in concurrence with the known backgrounds of the groups.
